Abstract Genomic sequencing reveals similar but limited numbers of protein-coding genes in different genomes, which begs the question of how organismal diversities are generated. Alternative pre-mRNA splicing, a widespread phenomenon in higher eukaryotic genomes, is thought to provide a mechanism to increase the complexity of the proteome and introduce additional layers for regulating gene expression in different cell types and during development. Among a large number of factors implicated in the splicing regulation are the SR protein family of splicing factors and SR protein-specific kinases. Here, we summarize the rules for SR proteins to function as splicing regulators, which depend on where they bind in exons versus intronic regions, on alternative exons versus flanking competing exons, and on cooperative as well as competitive binding between different SR protein family members on many of those locations. We review the importance of cycles of SR protein phosphorylation/dephosphorylation in the splicing reaction with emphasis on the recent molecular insight into the role of SR protein phosphorylation in early steps of spliceosome assembly. Finally, we highlight recent discoveries of SR protein-specific kinases in transducing growth signals to regulate alternative splicing in the nucleus and the connection of both SR proteins and SR protein kinases to human diseases, particularly cancer.
Introduction
The completion of the human genome and genomes of virtually all model organisms has revealed the striking fact that the complexity of organisms is not correlated with the number of genes each genome encodes. Instead, the expression of individual genes in different cell types or during development is subjected to complex regulation via enhancer networks. In addition, gene expression in both quantity and quality is also known to subject to regulation by a variety of posttranscriptional mechanisms.
Pre-mRNA splicing removes intervening sequences from primary transcripts, a process essential for gene expression in eukaryotic cells. In addition to constitutive activities, higher eukaryotic cells produce a large number of mRNA isoforms as result of alternative splicing. Estimation based on unbiased transcriptome analysis suggests that up to 90 % genes in humans undergo alternative splicing (Pan et al. 2008; Wang et al. 2008a) , which may directly contribute to species and organ specificities during evolution and development (Barbosa-Morais et al. 2012; Merkin et al. 2012) . Alternative splicing comes in all imaginable combinatory uses of RNA segments from primary transcripts, including the use of alternative promoters that are coupled to a downstream exon, cassette exons that can be included or skipped, alternative uses of the 5′ or 3′ splice sites that include or exclude specific exonic regions, intron retentions, and alternative polyadenylation events.
It has been generally believed that alternative splicing contributes to the complexity of the proteome and to differential stability of alternatively spliced transcripts through coupling with other posttranscriptional mechanisms, such as nonsense-mediated mRNA decay or microRNA-induced mRNA degradation. Both noncoding RNA and the noncoding part of protein-coding transcripts (e.g., 5′UTR and 3′ UTR) are also known to subject to alternative splicing.
Since alternative splicing is so prevalent, it has been challenging to assign functions to individual mRNA isoforms. Some isoforms may constitute background noises from gene expression and imperfection of the splicing machinery. However, many mRNA isoforms clearly encode for functionally distinct proteins in stem cell pluripotency and reprogramming (Gabut et al. 2011) , targeting critical signaling molecules to different cellular compartments , regulating cell proliferation versus death (Moore et al. 2010) , switching metabolic pathways (Christofk et al. 2008) , etc. Many alternative splicing events have been linked to various human diseases, including cancer. Readers are referred to several recent outstanding reviews on these topics David and Manley 2010; Kalsotra and Cooper 2011; Nilsen and Graveley 2009) . Overall, these findings point to a vital role for splicing in cellular regulation.
One of the major goals in the field is to understand how splicing is regulated. In general, splicing regulation has to be executed by specific RNA binding proteins via their interactions with cis-acting regulatory elements on primary transcripts, which is evident from a recent genome-wide analysis of alternative splicing in mammalian tissues (Merkin et al. 2012) . A recent proteomic analysis indicates an alarmingly large number of proteins that may be directly or indirectly associated with mRNA (Castello et al. 2012) . In reality, however, we know little about how many proteins can directly bind RNA and/or communicate with the splicing machinery. Furthermore, most splicing reactions appear to take place co-transcriptionally (Carrillo Oesterreich et al. 2011; Han et al. 2011b) , and therefore, the transcription machinery and chromatin states may have profound influence on splice site selection (Luco et al. 2011; Pandit et al. 2008 ).
Approaching such a complex problem requires the definition of RNA elements recognized by specific RNA binding proteins and linking specific binding events to functional consequences. This has become more approachable by using the latest genomics technologies coupled with traditional functional dissection on minigenes. Indeed, several recent works have revised our general impression on simple division of RNA binding splicing regulators into splicing enhancers or repressors, as most, if not all, wellstudied splicing regulators appear to exhibit positiondependent effects on splicing outcomes (Huelga et al. 2012; Pandit et al. 2013; Witten and Ule 2011) .
In this review, we "narrowly" focus on the family of SR proteins and SR protein-specific kinases with specific attention paid to their roles in the regulation of alternative splicing and regulation of splicing regulators in response to cellular signaling. In order for us to focus on major conceptual issues and recent advances, readers are referred to early comprehensive reviews on SR proteins Long and Caceres 2009 ) and SR protein kinases (Ghosh and Adams 2011; Giannakouros et al. 2011) .
SR proteins as the family of alternative splicing regulators
The SR protein family of splicing factors SR proteins are part of a large superfamily of RNA binding proteins that share common RNA binding motifs (Fig. 1A) , which among others include heterogeneous nuclear ribonucleoparticle (hnRNP) proteins (Busch and Hertel 2012; Tang et al. 2012a ). The unique structure that distinguishes SR proteins from other RNA binding protein is the presence of an Arg/Ser-rich domain (called the RS domain, see Fig. 1a ). This signature RS domain has also been found in other proteins carrying several other types of protein domains, such as a Zn finger domain or an RNA helicase domain, which are generally known as SR-related proteins (Fu 1995; Zhong et al. 2009b; Long and Caceres 2009 ). An important feature of SR proteins is their extensive autoregulation and cross-regulation to control the expression of individual SR proteins in the cell (Lareau et al. 2007; Ni et al. 2007) .
Because multiple names have been given to some of the same SR proteins during the course of their discovery, a new standardized nomenclature has been proposed for the "core" SR protein family that consists of 12 relatively wellcharacterized members (Manley and Krainer 2010) . For example, SF2/ASF or ASF/SF2 becomes SRSF1; SC35 is renamed as SRSF2; and SRp20, SRp75, SRp40, SRp55, and 9 G8 are now known as SRSF3 to SRSF7, respectively. The splicing community has been gradually adopting this new nomenclature, although it is possible that other structurally and functionally related proteins, such as human Tra2α/β and RNPS1, may eventually join this core, once their activities in splicing are further characterized.
Essential roles of SR proteins in constitutive splicing
The founding members of the SR protein family, such as SRSF1 and SRSF2, were discovered for their essential roles in constitutive splicing (Fu and Maniatis 1990; Ge et al. 1991; Krainer et al. 1991; Zahler et al. 1992 Zahler et al. , 1993 . These SR proteins were found to promote U1 snRNP binding to the 5′ splice site and U2 snRNP binding to the 3′ splice site, and they also bridge the communication between these initial splice site recognition events in the pre-spliceosome and the mature spliceosome (Cho et al. 2011; Fu and Maniatis 1992; Kohtz et al. 1994; Roscigno and GarciaBlanco 1995) . Even though such activities have been demonstrated, several widely held assumptions remain to be supported by direct experimental evidence. For example, a key assumption is that the RS domain in SR proteins mediates a protein-protein interaction network to facilitate U1-U2 communication during exon definition, cross intron interactions, and the eventual formation of higher order spliceosome. However, such interactions were mainly postulated based on yeast two-hybrid interactions or in vitro pull-down assays (Hertel and Graveley 2005; Wu and Maniatis 1993) . Whether these interactions occur and how an SR protein specifically interacts with another SR protein or an RS domain containing protein during spliceosome assembly awaits direct biochemical and structural evidence. Another key issue is concerned with the ability of the RS domain to directly interact with substrate RNA through its positive charges, which is detectable under specific experimental conditions Green 2004, 2007; ), but it is unclear whether this is an obligatory function of SR proteins in splicing.
Function and mechanism of SR proteins in regulated splicing
Perhaps the best-known function of SR proteins is their activities in regulated splicing. Numerous biochemical studies have established the ability of SR proteins to promote splice site selection by binding to exonic splicing enhancers (ESEs) (Cavaloc et al. 1999; Liu et al. 1998 Liu et al. , 2000 Schaal and Maniatis 1999; Tacke and Manley 1995) . Multiple SR proteins may bind to a set of ESEs to exert additive effects in splice site selection. Recent studies revealed that SR proteins not only promote exon inclusion, but also induce exon skipping, depending on how they interact with premRNA. As illustrated in Fig. 1B(a) , SR protein binding to an exon is positive for it inclusion, but its binding to an intronic sequence has the opposite effect (Dembowski et al. 2012; Erkelenz et al. 2013) . Because alternative splicing is the choice of splice sites in competition, it has also been demonstrated (depicted in Fig. 1B(b) ) that SR protein binding to the alternative exon promotes exon inclusion, whereas SR protein binding to a flanking exon causes skipping of the internal alternative exon (Han et al. 2011a; Sanford et al. 2009 ). This pair of rules may explain antagonizing activities of different SR proteins in some specific alternative splicing events (Gallego et al. 1997; Ghigna et al. 2005; Lemaire et al. 1999; Solis et al. 2008) , which is consistent with recent genome-wide analyses (Pandit et al. 2013; Sanford et al. 2009 ).
Despite extensive studies on model minigenes, a series of mechanistic issues remain to be addressed. Although it is possible to predict potential binding sites for several important SR proteins in mammalian genomes based on in vitro deduced binding consensus motifs (Cartegni et al. 2003) and (Anko et al. 2012; Pandit et al. 2013; Sanford et al. 2009 ), SR protein interaction with RNA at a specific location is known to subject to influence by multiple other determining factors, including RNA secondary structure and competition with other RNA binding proteins, such as various hnRNP proteins Long and Caceres 2009 ). Therefore, the RNA binding specificity of SR proteins, especially with respect to their binding landscape in mammalian transcriptomes, remains to be fully established. Recent studies illustrate that this critical issue may effectively be approached by structural analysis of SR protein in complex with RNA (Daubner et al. 2012) , coupled with genome-wide protein-RNA mapping (Pandit et al. 2013) . Accurate definition of actual binding sites of individual SR proteins is essential for eventual elucidation of the "splicing code" in mammalian genomes.
We recently showed that such competition also occurs between different SR proteins, and as result, binding of one SR protein may either enhance or repress binding of other SR proteins (Pandit et al. 2013) . Because multiple SR proteins function on a set of ESEs, which are abundantly present in both alternative and constitutive exons, our recent genome-wide binding and functional analysis on the two founding members of SR proteins SRSF1 and SRSF2 paint a complex picture for SR protein-regulated alternative splicing in vivo, emphasizing a combinatory control that depends on (1) specific binding by individual SR proteins, (2) the locations of individual binding events, (3) synergistic as well as competitive interactions among different SR proteins, and (4) competition with other RNA binding splicing regulators (Fig. 1B(c) ). Therefore, the specific regulatory outcomes likely result from the actions of multiple SR proteins in conjunction with other splicing regulators. Such regulatory networks are likely subjected to transcriptional and posttranscriptional controls during development and cell differentiation, leading to the establishment of tissue-specific and cell type-specific splicing programs in mammals.
Activities of SR proteins beyond splicing
It is worth mentioning that SR proteins have roles both before and after splicing, including interactions with chromatin (Loomis et al. 2009 ), coupling with the transcription machinery (Das et al. 2007; Lin et al. 2008) , mRNA export out of the nucleus (Huang and Steitz 2005) , regulation of RNA stability via the nonsense-mediated RNA decay (Zhang and Krainer 2004) , and translational control by shuttling SR proteins in the cytoplasm (Michlewski et al. 2008; Sanford et al. 2004) . Readers are referred to a recent review on these topics (Zhong et al. 2009b ) as well as key literature information herein cited. Therefore, studying SR proteins is a gateway to understand a large range of cellular activities in gene expression in mammalian cells.
Regulation of SR proteins by posttranslational modifications

Different types of posttranslational modifications on SR proteins
At least three types of posttranscriptional modifications are known to occur on SR proteins, including methylation, acetylation, and phosphorylation. Arginine methylation has been detected on many RNA binding proteins, particularly hnRNP proteins (Liu and Dreyfuss 1995) . Arginine methylation in SR proteins and SR-related proteins was first reported on Npl3p in budding yeast (Siebel and Guthrie 1996) . The methylation site was mapped near the end of the protein, adjacent to the phosphorylation site. Interestingly, the relatively stable arginine methylation blocks phosphorylation, the latter of which is required for Npl3p to interact with its nuclear import receptor Mtr10p, and as a result, hypermethylation of Npl3p showed a defective nuclear import phenotype (Yun and Fu 2000) . Because Npl3p has recently been found to play important roles in coupling between transcription and splicing in the nucleus (Kress et al. 2008; Moehle et al. 2012 ), it will be interesting to determine how such activities might be regulated at the level of nuclear import. More recently, three methylated arginine residues were identified between the two RRMs in the mammalian SR protein SRSF1 (Sinha et al. 2010) . Such modification appears to play a positive role in promoting nuclear import of the SR protein, although the modification does not seem to affect the interaction of the SR protein with its nuclear import receptor. Importantly, defective SRSF1 nuclear import could be linked to enhanced activities of the SR protein in translation in the cytoplasm, but attenuated activities in the nucleus, such as the regulation of alternative splicing and coupling with nonsensemediated mRNA decay (Sinha et al. 2010) .
Large-scale proteomic analysis has also revealed extensive lysine acetylation in both SR proteins and SR proteinspecific kinases, which may represent an important class of nonhistone substrates recognized by various histone acetyltransferases (HATs) in mammalian cells (Choudhary et al. 2009 ). Indeed, the HAT Tip60 was subsequently reported to specifically modify SRSF2, thereby regulating the turnover of the SR protein, and such effect appears to be subject to the counter regulation by the deacetylase HDAC6 (Edmond et al. 2011) . These findings raise an intriguing possibility that different SR proteins and regulators of SR proteins may be under control by different combinations of HATs and HDACs, thus constituting a potentially critical regulatory network to modulate splice site selection in mammalian cells.
Perhaps the best understood regulation of SR proteins is through phosphorylation catalyzed by multiple kinases, all of which belong to the CMGC family of kinases (Kannan and Neuwald 2004) . The discovery of SR protein phosphorylation was in fact co-incident with the discovery of the SR protein family because initial antibodies raised against endogenous SR proteins all recognize a phosphoepitope(s) in their RS domains, which dramatically retard the migration of native SR proteins in SDS-PAGE (Roth et al. 1991; Zahler et al. 1992) . Because the phosphorylation/dephosphorylation cycle of SR proteins has been linked to all of their activities in the cell (see below), identification and characterization of specific kinases and phosphatases involved have been pursued by many laboratories, including ours, since the discovery of SR proteins two decades ago.
SR protein-specific kinases
Our group discovered the first SR protein-specific kinase through purification of a cell cycle activity responsible for the redistribution of SR proteins from highly localized speckled domains in interphase cells to the nucleoplasm when cells enter mitosis (Gui et al. 1994a, b) . This activity was found to correspond to a serine kinase specific for the RS domain present in all SR proteins, thus named as SR protein-specific kinase 1 or SRPK1 (Gui et al. 1994a ). Based on the homology search, SRPK2 and SRPK3 as well as their alternatively spliced products were subsequently discovered in humans and (Kuroyanagi et al. 1998; Nakagawa et al. 2005; Nikolakaki et al. 2001; Wang et al. 1998) . These kinases constitute a unique family of kinases characterized by a long divergent spacer sequence that separate the kinase domains into two lobes, a feature common among tyrosine kinases, but rare in serine/threonine kinases (Giannakouros et al. 2011; Nolen et al. 2004) .
Interestingly, the SRPK family is conserved in all eukaryotic cells from plant to animals, all the way down to budding yeast (see comprehensive review of all SRPK family members in Giannakouros et al. 2011) , even though the genome of budding yeast does not seem to encode for any typical SR protein essential for pre-mRNA splicing, as in higher eukaryotic cells. However, the only yeast SRPK1 family, known as Sky1p, has been shown to phosphorylate several SR proteinrelated proteins, including Npl3p and Hrb1p (Porat et al. 2006; Siebel et al. 1999) . At least in the case of Npl3p, Sky1p-mediated phosphorylation appears to regulate its cellular localization and facilitate protein-protein and protein-RNA interactions, functions that are highly related to those mediated by SRPKs in mammalian cells (Gilbert et al. 2001; Yeakley et al. 1999) . Interestingly, while SRPK1 is ubiquitously expressed, SRPK2 is expressed mainly in the nervous system and the expression of SRPK3 is largely confined in muscle cells (Nakagawa et al. 2005; Wang et al. 1998) , indicating that individual SRPK family members may have unique functions in different cell types or during development.
Besides SRPKs, several other kinases or kinase activities have been shown to be able to transfer phosphates to SR proteins in vitro, including cAMP-dependent protein kinase A and protein kinase C (PKC) (Colwill et al. 1996b) , Akt (Blaustein et al. 2005; Patel et al. 2005) , topoisomerase I (Rossi et al. 1996) , dual specificity tyrosine phosphorylationregulated kinases (DYRKs) (Aranda et al. 2011; de Graaf et al. 2004) , and cyclin-dependent like kinases (Clk1-4) (Colwill et al. 1996a, b; Duncan et al. 1998) . However, only SRPKs and Clks have been directly shown to be responsible for SR protein phosphorylation in vivo through either genetic ablation or chemical inhibition (Fukuhara et al. 2006; Hayes et al. 2006; Yomoda et al. 2008; Zhong et al. 2009a ). Clk1 was initially linked to SR proteins in a yeast two-hybrid screen, and like SRPKs, overexpression of a Clk was able to induce redistribution of SR proteins from nuclear speckles to the nucleoplasm (Colwill et al. 1996b) . A similar activity was also reported with DYRK1A (Alvarez et al. 2003) . Although SRPKs seem to be highly specific for SR proteins and SR protein-related splicing factors, these kinases clearly have other substrates implicated in other cellular functions (Giannakouros et al. 2011) .
A major distinction between the SRPK and Clk families of kinases is their subcellular localization. SRPKs are detected in both the cytoplasm and the nucleus with overexpressed kinase largely anchored in the cytoplasm (Wang et al. 1998) . SRPK cellular partition is regulated, at least in part, by the unique spacer domain in each SRPK family member, as deletion of the spacer shifts the kinase to the nucleus (Ding et al. 2006; Ngo et al. 2008; Nolen et al. 2001) . Initial evidence suggests that the spacer has little effect on the kinase activity, but a more recent study indicates that it can enhance the catalysis by increasing the rate-liming ADP release step in the kinase reaction (Aubol et al. 2012) . In contrast, all Clk family members are constitutively localized in the nucleus and show extensive colocalization with SR proteins in nuclear speckles (Colwill et al. 1996b; Duncan et al. 1998 ). These differential localization patterns suggest that the two families of SR protein kinases may participate in a "relay" in phosphorylating SR proteins to synergistically regulate their activities in the cell (Ngo et al. 2005) . For example, cytoplasmic SRPKs may be responsible for initial phosphorylation of SR proteins to facilitate their nuclear import, whereas nuclear Clks may fine-tune the phosphorylation state of SR proteins in the nucleus. Therefore, the two families of kinases may function in a synergistic and/or complementary fashion to regulate splicing, RNA export, and other processes of RNA metabolism in mammalian cells.
Unlike most other kinases that transfer phosphate to their substrate by a "hit and run" mechanism, both SRPK and Clk families of kinases appear to act like a "polymerizing kinase" (Ghosh and Adams 2011) . In other words, once the kinase binds to its substrate, it continues to transfer multiple phosphates to adjacent Ser/Arg dipeptides without dissociating from the substrate after each round of the kinase reaction. This processive mode of action has been demonstrated on SRPK1 in catalyzing a chain of reactions within the RS domain of SRSF1 (Aubol et al. 2003) . The structural basis for this unusual property of SRPK1 is due to a MAPK insert in the large lobe of the kinase, which serves as the docking site for an SR protein substrate to bind Ngo et al. 2008) . For further mechanistic details, readers are referred to a recent comprehensive review on SRPK1-catalyzed phosphorylation reaction (Ghosh and Adams 2011) .
Regulation of splicing by phosphorylation
Requirement of the phosphorylation/dephosphorylation cycle for splicing
The requirement for reversible phosphorylation in the splicing reaction was first demonstrated using various phosphatase inhibitors, showing that inhibition of PP2A blocked the second step catalysis whereas inhibition of PP1 and PP2A together blocked both steps in nuclear extracts, indicating that dephosphorylation is required for splicing activity, but not for splicing complex formation (Mermoud et al. 1992 ). Conversely, while purified PP1 blocked the formation of the pre-spliceosome as well as its conversion to the full spliceosome, it showed no effect on splicing after spliceosome assembly (Mermoud et al. 1994; Stojdl and Bell 1999) . These data suggest that phosphorylation is required for spliceosome assembly, but dephosphorylation is critical for catalysis within the assembled spliceosome. Reversible SR protein phosphorylation appears to underlie this phosphorylation/dephosphorylation requirement for spliceosome progression from assembly to catalysis because purified SR proteins from insert cells (which are known to be properly phosphorylated) were able to restore the spliceosome formation and splicing activity to PP1-inhibited extracts (Mermoud et al. 1994) . A thiophosphorylated SR protein, which is resistant to phosphatases, could complement S100 extracts (the cytosolic fraction generated during the preparation of nuclear extracts; this fraction contains all essential spliceosomal components except SR proteins) for spliceosome assembly, but the assembled spliceosome was unable to become splicing competent (Cao et al. 1997; Roscigno and Garcia-Blanco 1995; Manley 1997, 1998) . These observations led to a general model in which SR protein phosphorylation is necessary for assembly of spliceosomal components, whereas dephosphorylation is essential for splicing catalysis.
While it is clear that SR proteins need to be dephosphorylated for RNA catalysis in the mature spliceosome, we have little clue about when and how such dephosphorylation is triggered. Purified spliceosomes do not seem to contain a stoichiometric amount of a phosphatase, indicating that PP1 and/or PP2A may act as diffusible regulators, rather than as built-in components of the spliceosome. In contrast, SRPKs are assembled into the spliceosome with SRPK1 being specifically associated with U1 snRNP and SRPK2 with U4/6-U5 tri-snRNP containing complexes (Mathew et al. 2008 ). These findings suggest that different SRPK family members may have both overlapping (i.e., phosphorylating SR proteins) and distinct functions (i.e., phosphorylating other RS domain-containing splicing factors) in splicing, although it is currently unclear whether any spliceosome complexes are associated with SRPK3 or Clk. In addition, the spliceosomeassociated SRPK1 or SRPK2 may continue to catalyze phosphorylation of some RS domain-containing proteins (such as Prp28) to ensure spliceosome assembly in an orderly fashion (Mathew et al. 2008) . The presence of SRPKs in the spliceosome may also provide a timing device for specific phosphatases to act on specific substrates for the spliceosome to progress into the active form. These possibilities are in line with the observed genetic interaction of the SRPK family member (Sky1p) with several second step splicing factors (Prp8 and Prp17/Slu4) in budding yeast (Dagher and Fu 2001) . Thus, while the evidence casts SRPKs as critical players in spliceosomal control, we still have much to learn about their specific roles in these events.
Distinct functions of differentially phosphorylated SR proteins in splicing
The requirement for phosphorylated SR proteins to facilitate spliceosome assembly is at least twofold. One is to prevent nonspecific interaction of their highly positively charged RS domains with RNA and the other is to allow phosphorylation-dependent interaction of SR proteins with the U1-70 K protein and likely other RS domaincontaining proteins to establish network interactions critical for spliceosome assembly (Tacke et al. 1997; Xiao and Manley 1998; Yeakley et al. 1999 ). The requirement for neutralizing positive charges by phosphorylation in the RS domain agrees with the current model where SR proteins bind via their RRMs to exonic splicing enhancers and subsequently promote protein-protein interactions through their RS domains, but appears incompatible to the proposed chargebased interactions of the RS domain with the 3′ splice site in the early phases of spliceosome assembly . However, such seemly incompatible requirements might be satisfied by progressive phosphorylation of SR proteins.
A more recent study provides evidence for such a scenario, suggesting that SR proteins may undergo progressive phosphorylation in early steps of spliceosome assembly. In this study, only partially phosphorylated SRSF1 (in its RS1 subdomain) was found to bind with high affinity to its target RNA, compared to both unphosphorylated and fully phosphorylated SRSF1 (in both RS1 and RS2 subdomains) (Cho et al. 2011 ). This study further demonstrated several previously unrecognized interactions between the RRM of SRSF1 and the RRM of the U1-70 K protein and between the RRM of the SR protein and its RS domain. Interestingly, these protein-protein interactions appear to involve an RRM interface distinct from that responsible for binding to RNA in each case. Importantly, only fully phosphorylated SRSF1 could enhance the formation of a ternary complex containing SRSF1, target RNA, and the U1-70 K protein (Cho et al. 2011 ). These findings therefore suggest a new model, as illustrated in Fig. 2 , where partially phosphorylated SRSF1 binds to specific splicing enhancers and further phosphorylation subsequently induces a switch from intrato intermolecular interactions to promote the formation of the ternary complex with U1 snRNP. The presence of SRPK1 in the U1 complex may thus engineer such progressive phosphorylation of SR proteins to facilitate the switch and thus the progression of spliceosome assembly. It remains to be determined whether other SR proteins use this two-step mechanism to promote U1 snRNP binding to a functional 5′ splice site.
The study described above on SRSF1 illustrates that SR proteins may require a specific phosphorylation state to function properly in splicing. This has been well illustrated earlier with SRSF10 (previously known as SRp38), which does not seem to have any activity in splicing in its fully phosphorylated state, but acts as a splicing activator when it is partially dephosphorylated Shin and Manley 2002) . Interestingly, the cell appears to use this mechanism to repress splicing during mitosis or in response to heat shock. These studies illustrate that an SR protein may have completely distinct functions in different phosphorylation states, although SRSF10 appears to exhibit some unique properties and thus possess a particular sensitivity to such differential regulation, compared to other SR family members (Shin et al. 2005) . These findings are fully consistent with dynamic phosphorylation of SR proteins as a functional consequence of constant competition between kinases and phosphatases in the cell to regulate their functions in splicing (Shi and Manley 2007; Zhou et al. 2012 ).
Phosphorylation of SR protein recycling in the cell
Besides the importance of the phosphorylation/dephosphory lation cycle for SR proteins to function in the splicing reaction, phosphorylation has also been demonstrated to regulate SR protein recycling in the cell. As shown in Fig. 3 , SRPK1-mediated phosphorylation plays an important role in facilitating nuclear import of SR proteins (Kataoka et al. 1999; Lai et al. 2000 Lai et al. , 2001 Yun and Fu 2000) , although not all SR proteins have to enter the nucleus in such a phosphorylationdependent fashion (Hamelberg et al. 2007; Yun et al. 2003) . After entering the nucleus, SR proteins in a proper phosphorylation state may be directly recruited to nascent pre-mRNA for co-transcriptional splicing (Misteli et al. 1998) . Fig. 2 Phosphorylation regulation of SR proteins in spliceosome assembly. The RS domains of both the SR protein SRSF1 and the SR-related protein U1-70 K can engage in intra-and intermolecular interactions. In un-or hypophosphorylated state, the RS domain is engaged in an intramolecular interaction with one interface of the SRSF1 RRM domain, which the other interface binds RNA with high affinity. However, this prevents the SRSF1 from interacting with the U1-70 K protein. Hyperphosphorylation of the RS domain of SRSF1 by SRPK1 plus Clk is proposed to switch this intramolecular interactions to intermolecule interactions through protein-protein interactions via both the RS domains and RRMs between SRSF1 and U1-70 K, allowing the formation of the ternary complex containing the SR protein, U1 snRNP, and the RNA containing a functional 5′ splice site At the end of splicing, there are probably multiple routines for SR proteins to recycle in the cell. The first is for SR proteins to become rephosphorylated within the nucleus to participate in the next round of the splicing reaction. This is consistent with the ability of overexpressed SR protein kinases to release SR proteins from post-splicing complexes, which tend to become aggregated in the speckled nuclear domains (Colwill et al. 1996b; Gui et al. 1994a; Ngo et al. 2005; Wang et al. 1998) .
Alternatively, dephosphorylated SR proteins may remain associated with spliced mRNA, thereby escorting spliced mRNA to the mRNA export machinery, because only hypophosphorylated SRSF1 is able to bind TAP, a key cofactor required for mRNA export (Huang et al. 2003 (Huang et al. , 2004 Lai and Tarn 2004) . A recent study showed that multiple SR proteins are part of the exon junction complex on spliced mRNA (Singh et al. 2012) , consistent with the roles of SR proteins in mRNA export (Reed and Cheng 2005) and nonsense-mediated RNA decay (Zhang and Krainer 2004) . This leads a fraction of SR proteins to travel with spliced mRNA to the cytoplasm where they enhance the translation of the mRNA (Sanford et al. 2004 . Rephosphorylation of SR proteins in the cytoplasm may serve to dissociate SR proteins from spliced mRNA and facilitate their re-import back to the nucleus, although this has only been demonstrated in budding yeast on the SR-like protein Npl3p (Gilbert et al. 2001) . These activities may contribute to the shuttling property associated with all SR proteins with the exception of SRSF2 Sapra et al. 2009 ).
It is currently unknown what determines the recycling of SR proteins within the nucleus versus through the cytoplasm. In light of the observation that purified PP1 can also disrupt post-splicing complexes in nuclear speckles (Misteli and Spector 1996) , it is conceivable that SR protein kinases may direct them to recycle within the nucleus while SR protein phosphatases may promote them to recycle through the cytoplasm. This may explain why SRSF2 does not shuttle because it is highly resistant to dephosphorylation by phosphatases (Lin et al. 2005) , which may be the underlying mechanism for the identified nuclear retention signal in the RS domain of this unique SR protein (Cazalla et al. 2002) . Importantly, such different routes of SR protein recycling may help create different pools of SR proteins in the cell and differential distribution of SR proteins in different cellular compartments may affect SR proteinregulated splicing because all SR proteins are known to affect alternative splicing in a dosage-dependent manner. This concept has been proposed for hnRNP A1 in response to a stress signaling (van der Houven van Oordt et al. 2000) . two alternative recycling pathways. One is through rephosphorylation, which may release the SR protein from spliced mRNA, allowing them to recycle within the nucleus. Alternatively, hypophosphorylated SR proteins on spliced mRNA may be exported out of the nucleus, which functions to enhance mRNA export and stimulate translation in the cytoplasm. Rephosphorylation in the cytoplasm may facilitate the release of the SR proteins from spliced mRNA and then promote their re-import back to the nucleus It is also important to point out that shuttling of SR proteins out of the nucleus does not seem to be essential for cell viability as indicated by the functional complementation assay performed on SRSF1-depleted cells (Lin et al. 2005) . We recently show that SRSF2 binds to both premRNA and spliced mRNA in the cell (Pandit et al. 2013) . Because SRSF2 does not shuttle between the nucleus and the cytoplasm, this observation implies that this nonshuttling SR protein has to be removed from spliced mRNA prior to export, which may constitute a new regulatory step in mRNA export. The nonshuttling property of SRSF2 is also in line with its involvement in transcription elongation (Lin et al. 2008) .
SR protein kinases in signaling
Signal-induced splicing
The term "regulation" has been broadly used in the splicing field to refer to any changes in splicing that are under the control of cis-acting elements or trans-acting factors. Strictly speaking, however, regulation should be an inducible event for cells to respond to an internal cue or an external signal. Although various splicing regulators are targets of signaling molecules and impact alternative splicing as highlighted in Fig. 4 , little is known about how these signals are transduced to the nucleus to regulate splicing either through existing or novel signaling pathways.
Several studies have illustrated common experimental approaches for studying signal-dependent splicing regulation by connecting a signaling molecule to a specific splicing regulator, and then to a particular alternative splicing event, which has been extensively reviewed (Heyd and Lynch 2011; Lynch 2007; . For example, in response to osmotic stress, activated MKKp38 modifies hnRNP A1 to induce its accumulation in the cytoplasm (van der Houven van Oordt et al. 2000) . As hnRNP A1 is a general splicing repressor, its restriction in the cytoplasm may de-repress many alternative exons, but this hypothesis has remained to be directly tested by global analysis. In activated T cells, extracellular signal-regulated kinase (ERK) phosphorylates SAM68 (SRC-associated in mitosis, 68 kDa and alters the activity of this RNA binding protein in the regulation of alternative splicing of the CD44 gene (Matter et al. 2002) . Alternative splicing of this important cell surface receptor appears to also subject to regulation by the Wnt/β-catenin and Akt pathways via different SR proteins (Goncalves et al. 2008 (Goncalves et al. , 2009 ). Insulin has been found to alter alternative splicing of the PKCβΙΙ gene via induced phosphorylation of the SR protein SRSF5 (formerly known as SRp40) in response to the activation of the PI3K/Akt pathway (Chalfant et al. 1995; Patel et al. 2004 , Fig. 4 Regulation of alternative splicing by signaling. The p38 kinase transduces stress signals to hnRNP A1 by the MAPK pathway. The Wnt signaling pathway, by regulating GSK3, phosphorylates and potentiates the activity of PSF by releasing the splicing regulator from the inhibitory complex with TRAP150. Growth factor signals activate both the Raf-MEK-ERK pathway to modify Sam68 and the PI3K-Akt pathway. Activated Akt binds to SRPKs and induces their release from the inhibitory heat shock complexes. This triggers nuclear translocation of SRPKs, which is antagonized by 14-3-3 proteins and enhanced by Hsp90. In the nucleus, SRPKs act in synergy with Clk to phosphorylate SR proteins. There is evidence suggesting that activated Akt may also regulate Clk in the nucleus. In addition, it is likely that signal transduction pathways highlighted here may induce posttranslational modification of multiple splicing regulators, which may function in a combinatorial fashion to modulate splice site selection in the nucleus. The unique spectrum of splicing regulators, coupled with distinct activities of individual signaling pathways, may be responsible for specific splicing programs in different cell types or during development 2005). However, it has been unclear whether PKCβΙΙ splicing is solely regulated by SRSF5 because growth factor signaling has also been shown to affect the phosphorylation state of SRSF1 and SRSF7 via the Akt pathway (Blaustein et al. 2005) . It is also unclear whether increased phosphorylation of various SR proteins in growth factor-treated is mediated directly by activated Akt or indirectly via an SR protein kinase or both (Jiang et al. 2009 ).
The studies described above and many other examples illustrate the regulation of specific alternative splicing events by individual signaling molecules. However, we clearly lack the global view on splicing regulation in response to a specific signaling event in terms of (1) how many splicing regulators are induced or modified, (2) how these regulators may act together to change the splicing program in the cell, and (3) how such splicing program is responsible for some specific biological outputs. These efforts are essential to understand the regulation of the transcriptome at the splicing level in development and disease.
SR protein-specific kinases as transducers of growth signals
A recent effort in our lab illustrates the use of some modern global approaches for dissecting a critical signal transduction pathway via SR protein-specific kinases (Zhou et al. 2012) . As shown in Fig. 4 , the localization of the splicing kinases in the cytoplasm appears to be particularly suitable for them to serve as signal transducers for splicing regulation. Previous studies showed that a large spacer insert domain anchors SRPKs in the cytoplasm of both yeast and mammals (Ding et al. 2006; Siebel et al. 1999; Takeuchi and Yanagida 1993; Tang et al. 2012b; Wang et al. 1998) . In response to a signal, these SR protein kinases translocate to the nucleus to phosphorylate SR proteins (Zhong et al. 2009a ). The Ye lab was the first to show that activated Akt could directly transfer phosphates to two specific sites in SRPK2, which induces SRPK2 nuclear translocation, leading to the phosphorylation of several SR and SR-related proteins, including SRSF2 and Acinus (Jang et al. 2008 (Jang et al. , 2009 ). In one of these studies, enhanced SRSF2 phosphorylation was further linked to the induction of cyclin D in a p53-dependent manner, thus forcing neurons to re-enter mitosis, resulting in mitotic catastrophe and neuronal death. Interestingly, this pathway appears to play a key part in a mouse brain stroke model (Jang et al. 2009 ).
The study on SRPK2 in neurons suggests that the Akt pathway may regulate other SRPKs. This appears to be the case in EGF-treated mammalian cells where SRPK1 phosphorylation was induced (Zhou et al. 2012 ). However, unlike SRPK2, there is no consensus motif for Akt-mediated phosphorylation in SRPK1. Instead, upon activation, Akt appears to form a stable complex with SRPK1 that induces SRPK1 autophosphorylation. This releases SRPK1 from heat shock protein complexes, allowing the activated SRPK1 to translocate to the nucleus and trigger SR protein hyperphosphorylation (Fig. 4) . By surveying a large set of alternative splicing events using an mRNA isoformsensitive technology, EGF was found to induce a large splicing program that could be blocked by inhibitors against specific components of the PI3K/Akt pathway, but not by inhibitors against the JAK/STAT, MEKK/ERK, or PKC pathways (Zhou et al. 2012) . Most importantly, the entire EGF-induced splicing program was diminished when SRPK1, SRPK2, or both were inactivated by RNAi. Furthermore, rapamycin inhibition of the mTOR pathway, which is a major signal branch in the Akt pathway for transcriptional and translational control in mammals, was found to have little effect on the EGF-invoked splicing program. This is somewhat surprising, at least initially, because mTOR has been shown to play a key role in SRSF1 overexpression-induced cellular transformation (Karni et al. 2007 (Karni et al. , 2008 . A more recent study suggests that mTOR activities could be modulated by SRSF1-induced splicing events, indicating that mTOR is a target, rather than a signal transducer, for regulated splicing (Ben-Hur et al. 2012) . One may further imagine various feedback and/or feed-forward loops in which growth factors may transduce signals via Akt and SRPKs to regulate splicing in the nucleus and some specific splicing events may in turn reinforce the growth signals in synergy with activated mTORs to regulate cell proliferation and transformation in mammalian cells.
Molecular chaperones involved in modulating splicing regulators
Molecular chaperones have long been known to function not only in assisting folding of newly synthesized proteins but also in controlling various signal transduction events. This also applies to splicing regulation via both SR proteins and SR protein kinases. As mentioned earlier, SRSF10 dephosphorylation was rapidly induced by heat shock, which converts it from a splicing activator to repressor. The heat shock protein Hsp27 appears to confer a "thermotolerance" to the cell against a mild heat shock by preventing SRSF10 dephosphorylation (Shi et al. 2011) or by facilitating its rephosphorylation after heat shock (Marin-Vinader et al. 2006) .
The major heat shock proteins Hsp70 and Hsp90 have been found to associate with SRPKs via their cochaperones, which are responsible for anchoring the splicing kinases in the cytoplasm (Zhong et al. 2009a) . As illustrated in Fig. 4 , Akt-dependent activation of SRPK1 not only induces the release of the kinase from the Hsp70-containing complex, but also triggers the reconnection of the kinase with Hsp90, and this rearrangement with molecular chaperones appears to play a critical role in facilitating SRPK1 nuclear translocation (Zhou et al. 2012) . Finally, the abundant 14-3-3 family members have also been implicated in controlling SR protein phosphorylation in the cell. These proteins appear to bind and protect SRSF10 from dephosphorylation (Shi and Manley 2007) as well as limit the amount of Akt-activated SRPKs that can translocate to the nucleus (Jang et al. 2009; Zhou et al. 2012) . These findings suggest that molecular chaperones and 14-3-3 proteins provide check and balance for SR proteins and SR protein kinases to function properly in signal-induced splicing responses.
SR proteins and SR protein kinases in development and disease
Essential role of SR proteins and SR protein kinases in development
Genetic studies published to date indicate that SR proteins are each essential for animal development (Ding et al. 2004; Feng et al. 2009; Jumaa et al. 1999; Wang et al. 2001) . Tissue-specific ablation of individual SR proteins has also been shown to cause aberrant splicing in different tissues or cell types (Sen et al. 2013; Wang et al. 2001; Xu et al. 2005) . Our unpublished studies indicate that both SRPK1 and SRPK2 are also essential for mouse development. This is consistent with the essential role of a Drosophila SRPK homolog in spindle microtubule assembly during meiosis (Loh et al. 2012) and with the functional requirement of the Caenorhabditis elegans SRPK homolog for germline development (Kuroyanagi et al. 2000) . However, it has been unclear whether SRPKs function through SR proteins and/or other substrates, such as the Lamin B receptor and P1 protamine (Papoutsopoulou et al. 1999a, b) . It is also plausible that SRPKs may phosphorylate a variety of RS domain-containing proteins that are critical for cell cycle progression. This includes SON, an SR-like RNA binding protein, that has been demonstrated to play a key role in mitosis by regulating the splicing efficiency of microtube and other critical components of the cell cycle machinery (Ahn et al. 2011; Sharma et al. 2011) .
SR proteins and SR protein kinases in cancer SR proteins have been implicated in cancer. In particular, SRSF1 and SRSF3 appear to function as oncoproteins in human cancer because their overexpression is able to promote anchorage-independent cell growth in vitro and tumor growth in nude mice (Jia et al. 2010; Karni et al. 2007 ). In fact, multiple other SR proteins have been found to regulate cell proliferation and apoptosis in diverse cancer cell types via other critical splicing events (Cohen-Eliav et al. 2013; Gautrey and Tyson-Capper 2012; Jia et al. 2010; Stickeler et al. 1999; Tang et al. 2013) . Most strikingly, a burst of recent studies demonstrated that specific mutations in SRSF2 are tightly linked to specific leukemia in patients (Lasho et al. 2012; Meggendorfer et al. 2012; Patnaik et al. 2013; Yoshida et al. 2011) . These findings have strongly implicated SR proteins as specific disease genes.
At the molecular level, SRSF1 has been found to regulate alternative splicing of multiple signaling molecules, including MNK2 and S6K1, to promote MAK-independent phosphorylation of eIF4E, thereby enhancing protein synthesis in the cytoplasm (Karni et al. 2007 (Karni et al. , 2008 . More recent studies from the Krainer lab demonstrated that SRSF1 is a direct target of c-Myc , and SRSF1 and Myc act in synergy to induce cellular transformation ). These studies have linked aberrant SR protein expression to some established oncogenic pathways. In addition, SR proteins are also known to affect genome instability in both chicken and human cells (Li and Manley 2005; Xiao et al. 2007) , which may contribute to cancer progression.
SR protein kinases have also been implicated in cancer. The SRPK family of kinases has been reported to be overexpressed in various human cancers (Hayes et al. 2006 (Hayes et al. , 2007 . In particular, SRPK2 overexpression could enhance cell proliferation of leukemia cells, indicating a direct role in tumorigenesis (Jang et al. 2008) . Similarly, all Clk kinase family members appeared overexpressed during erythroleukemia cell differentiation (Garcia-Sacristan et al. 2005) . More recently, both SRPK1 and SRPK2 were found to be overexpressed in nonsmall cell lung cancer and their overexpression correlated with hyperphosphorylation of SRSF1 and SRSF2 (Gout et al. 2012) . Curiously, genetic ablation of the SRPK homolog SKY1 conferred a cisplatinresistant phenotype in budding yeast (Schenk et al. 2001) , and SRPK1 reduction was also linked to several cisplatin-resistant human tumors (Krishnakumar et al. 2008; Odunsi et al. 2012; Schenk et al. 2002 Schenk et al. , 2004 . These findings suggest that both over-and underregulation of SRPKs may contribute to different aspects of human cancer. Although the mechanism has remained elusive in most of these cases, the tumorigenic activities of both SR proteins (Li and Manley 2005; Wang et al. 2008b; Xiao et al. 2007 ) and SR protein kinases (Paulsen et al. 2009 ) are likely linked to their functions in maintaining genome stability and generating aberrant protein isoforms by changing splicing patterns (Goncalves et al. 2008; Christofk et al. 2008) .
Angiogenesis has long been linked to alternative splicing of VEGF, which produces both pro-and anti-angiogenic isoforms, and SR proteins are known to play a critical role in regulated VEGF splicing (Qiu et al. 2009 ). Recent studies revealed that inactivation of the tumor suppressor WT1 gene caused derepression of SRPK1 and overexpression of this splicing kinase and stimulated nuclear import of SRSF1, leading to the increased production of the pro-angiogenic isoform of VEGF (Nowak et al. 2010) . The small molecule inhibitor of SRPK1 or SRPK1 RNAi was found to effectively block angiogenesis, thus retarding tumor growth in nude mice (Amin et al. 2011) . These findings suggest that SRPK1 may serve as a potential therapeutic target for cancer treatment (Oltean et al. 2012) . However, it has also been reported that SRSF2 appears to play an opposite role in VEGF splicing by favoring the production of the antiangiogenic isoform of the VEGF gene (Merdzhanova et al. 2010) . Considered together, these observations indicate that different SR proteins may compete with one another in the regulation of VEGF splicing. It will be particularly interesting to determine in future studies how different SR protein kinases are involved in modulating nuclear import and splicing activities of various SR proteins in different cell types to regulate angiogenesis.
Conclusions
Pre-mRNA splicing is an essential step in gene expression in eukaryotic cells and alternative splicing generates transcriptome diversity, which not only alters the proteome but also introduces additional layers of regulation. SR proteins are unique RNA binding proteins involved in both constitutive and regulated splicing. A major challenge is to understand how SR proteins mediate protein-RNA and protein-protein interaction networks in the spliceosome, which may be ultimately elucidated by structural analysis of splicing complexes at different stages of assembly. As an important class of splicing regulators, SR proteins are widely involved in modulating splice site selection. Because of their overlapping and distinct activities in RNA binding and protein-protein interactions, we have much to learn about how splicing is regulated through both collaborative and competitive effects of different SR proteins and SRregulated splicing regulators in mammalian genomes. SR proteins are also known to play diverse roles in coupling splicing with multiple other steps in gene expression. Therefore, despite their discovery two decades ago, it appears that we have a long way to go before a clear picture of their biological functions and action mechanisms in development and disease comes into focus.
Like most other regulators of gene expression, SR proteins are extensively modified at the posttranslational level. Phosphorylation catalyzed by specific SR protein kinases plays a considerable role in controlling SR protein activities. Recent evidence suggests that SR proteins are not simply activated by phosphorylation and inactivated by dephosphorylation in their RS domains. Instead, site-specific or region-specific phosphorylation of SR proteins appears to modulate their functions in different stages of RNA processing as well as recycling in the cell. Furthermore, phosphorylation and other modes of posttranslational modification of SR proteins have the potential to connect SR proteins to diverse signaling networks in the cell. The recent discovery of SRPKs as the major branch of the Akt pathway has linked growth signals to regulated splicing, which may directly contribute to the function of SR proteins in cellular transformation and other oncogenic processes. This discovery opens new doors for understanding the regulation of RNA metabolism in mammalian cells and developing SR proteinspecific kinases as a new class of therapeutic targets for treating cancer and other human diseases.
